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Abstract 
Over the last few years, important advances have been made in the understanding and 
modelling of phase transformations of metallic alloys including a) the coupling of phase 
equilibria and kinetics for computerised simulation of multicomponent alloys and b) in-situ 
time resolved X-ray imaging of phase transformations in real time. Both techniques can be 
complementary. However the quality of the simulation relies to a large extent on the accuracy 
of phase equilibria and diffusion data obtained from existing experimental studies. In-situ X-
ray techniques provide quantitative information on the evolution and proportion of phases, 
and can validate the thermodynamic/kinetic packages. This validation in-turn improves the 
computational models and databases. In the present work, the phase transformation in the Fe-
C-Si system from liquid to γ-Fe and the reaction liquid↔γ-Fe+Cementite was observed by 
using X-ray imaging at SPring-8 synchrotron. The relationship between fraction solid and 
temperature was obtained from the generated SPring-8 images. The results are compared with 
computer simulation using Thermo-Calc. and DICTRA. A critical analysis compares the 
results of the simulation with the real-time observations of the phase transformation.  
 
 
 
 
 
  
 
 
 
1. Introduction. 
Cast iron, represented by the Fe-C system, with Si as the main alloying element is one of the 
basic materials of the metallurgy industry. Its lower eutectic melting point of 1366 K [1], 
compared to that of stainless of 1600 K to1800 K [2], facilitates the casting processes and as 
a consequence the production of complex shaped objects. Although cast iron is sensitive to 
impact forces because of its brittleness and unsuitable for hot rolling or forging, low 
temperature casting has the potential to reduce the costs of production rendering the alloy 
useful for home appliances and frames of industrial machines [3].  
 
In cast iron, the distributed proportions and shape of γ-Fe and graphite (cementite) define the 
mechanical properties. For instance, the formation of a large proportion of flake shape 
graphite (cementite) plays a major role in the brittleness of the material [4]. Thus, in order to 
improve their mechanical properties, the microstructure formed during cooling should be 
understood and controlled.  
 
The conventional approach for studying and control of microstructure during casting solely 
relying on experimentation as a pathway to alloy development is no longer the most efficient 
use of resources.  The potential of alloy improvement through computer simulation has 
motivated the development of coupled thermodynamic and kinetic packages over the past 
twenty years. Examples of specific software are Thermo-Calc. and DICTRA [5]. These 
packages are based on the calculation of phase diagrams (CALPHAD), and on the finite 
difference simulation of diffusion controlled reactions in multicomponent alloys, respectively. 
 
Alternatively, over the past decades, synchrotron based technology has been developed that 
enables direct observation of phase transformations in metals in real time [6-8]. Using those 
techniques, the phase evolution can be observed by using X-ray transmission imaging 
technology and simulated using commercial thermodynamic and kinetic packages. 
 
Among the phase transformation parameters able to be assessed during cooling of cast iron, 
the fraction of solids is one of paramount relevance. The following three statements illustrate 
the importance of it:  
• Their relationships with mechanical properties are able to be estimated 
• It is an information easy to retrieve at condition of equilibria using appropriate phase 
diagrams 
• It is a parameter possible to control and evaluate during casting.  
The equilibrium model represent one extreme where infinitely large diffusion is assumed in 
both solid and liquid phases. The Scheil approximation are the other extreme and assumes no 
diffusion in solids and infinitely large diffusion in the liquid [9]. In the Fe-C related systems, 
the carbon diffusion in solids is considerably fast, thus the Scheil model is not valid. A 
realistic description for the Fe-C associated systems are the simulations that include data on 
diffusion coefficients and on the microstructure. Validity of the diffusion simulation models 
using the proportion of solids as a parameter of comparison has been tested for Stainless Steel 
under various conditions [10, 11]. However, there is an absence of reported validations of the 
  
 
 
existing simulation packages for cast iron related alloy. Thus, it is the opinion of the authors 
that the in-situ X-ray studies using X-ray imaging from SPring-8 provides a unique 
opportunity to compare in-situ observations with results of computer simulation. 
 The present work undertakes an analysis of the proportion of solid phases during cooling for 
the Fe-C and Fe-C-Si systems at selected compositions to compare the results obtained using 
simulation with that of real-time observation of phase transformation. We expect to generate 
information to optimize the kinetic parameters and subsequently, obtain more reliable 
databases and simulation results. 
 
2. Experimental procedure 
The samples at the target composition were pre-melted using an Arc-melting method and 
high purity materials, such as 99.99wt%Fe, 99.99999 wt%C and 99.99999wt%Si. The 
selected composition of the samples as analysed using ICP-MS can be seen in Table 1. The 
four compositions correspond to two hypoeutectic and two hypereutectic for each of the Fe-C 
and Fe-C-Si systems.  
The direct observation was carried out using a BL20XU in SPring-8. The schematic 
experimental apparatus shows in Fig. 1. The sample with dimensions 10 mm x10 mm x 0.1 
mm was set in the centre of the cell, which was located between heaters. The cell consisted of 
the BN frame, Al2O3 window, and Al2O3 spacer. The furnace, including the cell, was placed 
in the vacuum chamber. The pressure in the chamber was adjusted to about 1Pa. In order to 
control the temperature of the furnace, the thermocouple was set close to the sample. The 
cooling rate of the sample was fixed at 0.17K/s. The X-ray beam from the stored ring passed 
through the chamber and the sample before reaching the detector where a series of sequential 
transmission images were obtained. Further detailed experimental conditions can be found 
elsewhere [8]. 
As an example, Fig. 2 shows the sequential direct observation image of Fe-3.17wt%C 
(sample 1). During the experiments, the sample was completely melted as is shown in Fig. 
2(a), prior to cooling down at a constant rate of 0.17K/sec. As indicated in Fig. 2(b), a 
dendrite of γ-Fe appeared from the left side. The density of the solid phases γ-Fe are higher 
than that of liquid phase, thus, the dendrites of γ-Fe became the darkest region. The primary 
γ-Fe grew as indicated in sequential image Fig. 2(c) until the sample reached the eutectic 
reaction as can be seen in Fig. 2(d). The experiment continued until the end of the eutectic 
reaction when the sample was let cool down to room temperature. A typical sample at the end 
of the experiment is shown in Fig. 2(e), the sample indicates the approximate section of the 
direct observation which corresponds to a rectangular area of approx. 1mm x1 mm.  
 In order to measure the fraction of solids, the direct observation image was modified. The 
three dimensions of the original images were translated into black and white figures. The 
exact boundary between the two phases (e.g. clearly defined edge between the phases) is 
difficult to determine and depends on the selected threshold of the shades of grey. Then, the 
images were translated to a binary image and noises were removed, as indicated in Fig. 3.  
  
 
 
After that, the total area fraction of black pixels were measured and the area fraction of solid 
was calculated by using ImageJ software (Image Processing and Analysis in Java). The 
dendrite grew in between the two slides fixed at 0.1 mm aperture and it was observed that the 
length and width of the formed primary phase dendrites was more than one hundred times 
bigger than the fixed aperture. Therefore, the weight of dendrite can be calculated with a 
good approximation as the area×thickness×density as indicated in Fig. 4. Thermo-Calc. 
software was used to obtain the relationship between density as a function of temperature and 
composition.  
The image observation at a given time does not provide direct temperature information. Thus, 
the temperature has to be estimated according to the following assumptions:  
• During solidification the cooling rate and recording image rate were constant.  
• The number of images between the analysis point and the eutectic temperature was 
counted and a proportionate temperature was assigned to the image of interest.  
• When the last liquid disappeared, it was assumed that the sample reached the eutectic 
temperature for the three phases eutectic reaction (for the binary system) and the four 
phases eutectic reaction (for the ternary system). Thus, once the image of the 
disappearance of the last liquid was determined, the eutectic temperature (in the 
binary system) and the ternary eutectic (in the ternary) was fixed. The process is also 
illustrated in Fig. 6 for the Fe-2.92wt%C-1.43wt%Si where the last liquid is no longer 
perceptible in a sequence of two images after a reduction of temperature of 0.45 K. 
In the present work, the main source of error was associated to the selection of the threshold 
in the image analysis. Thus, the variation of solid phases were evaluated at different threshold. 
It was concluded that the selected threshold, the calculated solid fraction included an error 
±3%. This observation is in concordance with the scattered results observed in Fig. 7 and 9, 
where the maximum variation in terms of the measured fraction of solids was around 0.025. 
The error in terms of variation of temperature was calculated to be in the range of a half 
kelvin which corresponded to the difference of the temperature between the two images 
already illustrated in Fig. 6. 
Images of the samples at the end of the experiments was undertaken using a JEOL JXA 
8200L (trademark of Japan Electron Optics Ltd., Tokyo) electron probe X-Ray micro-
analyser (EPMA) with wavelength dispersive detectors (WDD).  
The simulation was conducted using DICTRA [4] with the databases TCFE-7 and MOBFE-2. 
The equilibrium, Scheil simulation and phase diagrams were calculated by means of Thermo-
Calc. 3.1 and the database TCFE-7.  
 
The X-ray imaging did not included information related to the crystallographic structure of 
the solidified phases. The main parameter for the selection of the solid phases γFe, Cementite 
and FCC-A4 were related with the available MOBFE-2 databases. This selection allow a 
congruent comparison of experiments, equilibria, Scheil and DICTRA simulation using the 
same parameters in terms of phases.  
  
 
 
 
3. Results and analysis 
The experimental results and the calculation using DICTRA, equilibrium condition and 
Scheil of the binary system sample 1 (Fe-3.17wt%C) are shown in Fig. 7. The figure includes 
the respective section of the phase diagram. In the figure it can be observed that a 
supercooling of around 50 K is required to start the precipitation of γ-Fe. After the formation 
of the solid phase the tendency of the results is close to that of the equilibrium conditions.  
The obtained samples at the end of the experiments are shown in backscattered SEM 
micrographs for sample 1 in Fig. 2. One assumption of the present work is that the direct 
observed rectangular area of around 1 mm x 1 mm is representative of the entire area of the 
sample. In order to test this assumption, the weight fraction of the primary dendrites in the 
whole area of sample 1 indicated in Fig. 2(e) were calculated to be around 0.537 and agree 
with that obtained at the real-time observation at the beginning of the reaction liquid↔γ-
Fe+Cementite. The experimental point obtained for the whole area is included in Fig. 7.     
The results of the binary system sample 2 (Fe-4.5wt%C) are show in Fig. 8. The 
undercooling temperature to precipitate the cementite phase is negligible and the temperature 
range between the primary phase precipitation and the eutectic reaction is less than 10 K. The 
figure includes a magnification in the range of fraction solid between 0 and 0.1 showing the 
agreement between experiment and DICTRA simulation in the early stage of solidification. 
Appreciable differences are observed in the range of fraction of solids above 0.03. It was 
observed an overlapping between the result of the equilibria and Scheil simulation. 
The experimental results and simulation for the Fe-2.92wt%C-1.43wt%Si (sample 3) and Fe-
3.63wt%C-2.48wt%Si (sample 4) are show in Fig. 9 and 10. Similar to the results in sample 1, 
the undercooling temperature required to activate the precipitation of γ-Fe is around 50 K. In 
Fig. 9, the experimental results once the γ-Fe appear are close to those of Scheil simulation. 
The experimental results for the Fe-3.63wt%C-2.48wt%Si system shows a large deviation 
from that obtained from DICTRA, equilibria and Scheil simulation. 
The experimental concentration of silicon in the γ-Fe dendrites for a given sample shows 
small variations either in the longitudinal or in the cross direction. The concentration of 
carbon is difficult to analyse with the EPMA and was not included. It is reasonable to expect 
that the composition of the dendrites of primary phase γ-Fe does not change during the 
eutectic reaction or during cool down to room temperature. The results of the composition of 
the primary phase γ-Fe measured with EPMA and that obtained at equilibrium and DICTRA 
simulation at the beginning of the reaction liquid↔γ-Fe+Cementite are shown in Table 2. 
The concentrations of silicon calculated at equilibrium are the closest to the experimental 
values.  
In the present work, it is apparent there are discrepancies between simulation and the real-
time observations. The simulation depends on reliable models and thermodynamic and 
kinetic databases. The thermodynamic databases are based on a number of references [1, 12-
  
 
 
14] and it is possible to conclude that the reported information is reliable both for the binaries 
and ternary systems and a close agreement is reported between the experimental works and 
the simulated phase diagrams. In contrast, the kinetics databases are based on only two 
experimental works:  
• Diffusion of carbon in γ-Fe [15] in the system Fe-C in the range of compositions of 
0.2 to 1.6 wt% of carbon and temperatures between 1023 K to 1573 K and  
• Tracer diffusion coefficients of Fe in γ-Fe [16] for the system Fe-4.0 wt% Si at 
temperatures between 770 K and 1430 K.  
The literature reported good agreement for the diffusivity of carbon in γ-Fe [17], in contrast, 
the comparison of tracer diffusion coefficients of Fe in γ-Fe are not nearly as good compared 
with the diffusion of metals [18]. It was observed a lack of information related to diffusion 
coefficients for the ternary Fe-C-Si system. 
 
The validity of the computer simulation using Thermo-Calc. and DICTRA has been tested for 
diffusion in joints of two dissimilar steels [10] and the fraction of γ-Fe for 304 Stainless Steel 
under various conditions [11]. In those papers there are reported appreciable differences 
between the experiments and the computer simulations. 
 
It is understandable that the accuracy of diffusion-controlled simulations is highly dependent 
on the accuracy of the available experimental thermodynamic and kinetic information used 
for the construction of the respective databases. It is clear that the experimental conditions of 
the present work are far from those used on the construction of the kinetic databases. 
Furthermore, it is expected that the results of DICTRA simulations should be at some 
intermediate point between Scheil and Equilibrium calculation. Thus, it is apparent that the 
extrapolation implicit in the simulation does not work for the present case. 
 
Given the lack of information on diffusion coefficients for the ternary Fe-C-Si system and the 
relatively few reported studies available to validate the existing simulation packages, the 
present results have the potential to be used in optimisation of the kinetic computer packages 
and subsequently to obtain more reliable simulations. 
 
4. Conclusions 
The present work analysed the experimental results obtained on the Fe-C and Fe-C-Si 
systems on the relationship between mass fraction of solid and temperature obtained from the 
in-situ images generated by SPring-8 synchrotron. The results indicated an undercooling 
temperature of around 50 K to activate the formation of γ-Fe. The values of mass fraction and 
composition of solids once the primary phase appeared are relative close to the equilibrium 
values.  Given the discrepancies between DICTRA simulation and the present result, it is 
suggested that further evaluation of the kinetic databases will be required.  
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Figures 
Fig. 1 Schematic experimental apparatus with details of the cell 
Fig. 2 Sequential direct observation image of Fe-3.17mass%C. 
Fig. 3 Transformation of a sequential image in black and white and remotion of the noises 
Fig. 4 Methodology of the 3D expansion. 
Fig. 5 Schematically Procedure to process the information of in-situ observation and obtain 
the relationship between temperature and weight proportion of solids. 
Fig. 6 Sequential cool down direct observation image of Fe-2.92wt%C-1.43wt%Si 
illustrating the determination of the eutectic point (a) small observed area of liquid phase (b) 
the liquid was reduced and is not perceptible. 
Fig. 7 Plotted figures show the path of crystallisation on the phase diagram and how the mass 
fraction of solids material varies with temperature (Fe-3.17wt%C).  
Fig. 8 Plotted figures show the path of crystallisation on the phase diagram and how the mass 
fraction of solids material varies with temperature (Fe-4.5wt%C). 
Fig. 9 Plotted figures show the path of crystallisation on the phase diagram and how the mass 
fraction of solids material varies with temperature (Fe-2.92wt%C-1.43wt%Si). 
Fig. 10 Plotted figures show the path of crystallisation on the phase diagram and how the 
mass fraction of solids material varies with temperature (Fe-3.63wt%C-2.48wt%Si). 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Schematic experimental apparatus with details of the cell 
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Fig. 2 Sequential direct observation image of Fe-3.17mass%C.  
Fig. 2(a) liquid sample. 
Fig. 2(b) precipitation of dendrite of γ-Fe.  
Fig. 2(c) starting of the eutectic reaction. 
Fig. 2(d) end of the eutectic reaction  
Fig. 2(e) SEM image of the whole sample at the end of the experiment  
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Fig. 3 Transformation of a sequential image in black and white and remotion of the 
noises 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Methodology of the 3D expansion. 
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Fig. 5 Schematically Procedure to process the information of in-situ observation and 
obtain the relationship between temperature and weight proportion of solids. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Sequential cool down direct observation image of Fe-2.92wt%C-1.43wt%Si 
illustrating the determination of the eutectic point (a) small observed area of liquid 
phase (b) the liquid was reduced and was not perceptible. 
(b) 
(a) 
Small 
liquid 
area 
0.42 K 
cool 
down 
The liquid 
area not 
perceptible 
  
 
0.0 0.2 0.4 0.6 0.8 1.0
1400
1420
1440
1460
1480
1500
1520
1540
1560
Fraction Solid
Experiments
DICTRA
Eqilibria
Scheil
Te
m
pe
ra
tu
re
,
[K
]
Undercooling ∆T~50 K                                 
Fraction of γ-Fe for whole area 
of  Fig. 2(e)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Plotted figures show the path of crystallisation on the phase diagram and how the 
mass fraction of solids material varies with temperature (Fe-3.17wt%C).  
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Fig. 8 Plotted figures show the path of crystallisation on the phase diagram and how the 
mass fraction of solids material varies with temperature (Fe-4.5wt%C). 
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Fig. 9 Plotted figures show the path of crystallisation on the phase diagram and how the 
mass fraction of solids material varies with temperature (Fe-2.92wt%C-1.43wt%Si). 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Fig. 10 Plotted figures show the path of crystallisation on the phase diagram and how 
the mass fraction of solids material varies with temperature (Fe-3.63wt%C-2.48wt%Si). 
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Sample No. ICP-MS compositional analysis of sample (wt%) 
C Si P S 
Sample 1 3.17 <0.01 <0.001 0.003 
Sample 2 4.50 <0.01 <0.001 <0.001 
Sample 3 2.92 1.43 <0.001 <0.001 
Sample 4 3.62 2.48 <0.001 <0.001 
Sample  Temp. wt% 
K C Si 
 
Fe-2.92wt%C-1.43wt%Si 
experimental 1407.2 ------ 1.55 
DICTRA 1401 1.91 1.49 
Equilibria 1403.9 1.90 1.53 
 
Fe-3.62wt%C-2.48wt%Si 
experimental 1379.7 ------ 2.77 
DICTRA 1387.5 1.8 2.81 
Equilibria 1387.2 1.60 2.78 
  
 
 
Highlights 
 
• In-situ time resolved X-ray imaging was obtained for solidification of Fe-C-Si alloy. 
• The techniques provided quantitative data of evolution and proportion of phases. 
• Thermo-Calc and DICTRA was used to simulate the alloy solidification process. 
• Real-time observations were compared with the results of the simulation. 
• Further evaluation of DICTRA kinetic databases will be required.  
  
 
 
